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INTEGRATED ULTRACAPACITOR AS ENERGY SOURCE 



FIELD 

This invention relates to energy storage devices, and more particularly to capacitive structures 
formed in integrated circuits and methods for making the same. 

BACKGROUND OF THE INVENTION 

A battery is a device that stores electric charge for use as a power source. The charging 
process is based on a chemical reaction that takes place between an electrolyte and two electrodes 
called an anode and cathode. The capacity to store electric charge is a function of the surface area of 
these electrodes and the particular electrolyte used. 

Common types of batteries include sealed lead acid (SLA) batteries, nickel-cadmium (Ni-Cd) 
batteries, and lithium-ion (Li-Ion) batteries. SLA batteries can hold a charge for up to three years and 
are generally used to provide backup power during emergencies. Ni-Cd batteries provide a fast, even 
energy discharge and are most often used to power appliances and audio and video equipment. Li-Ion 
batteries have the highest energy storage capacity (generally twice the capacity of Ni-Cd batteries) 
and are used to power portable computers, cellular phones, and digital cameras to name a few. 

Another type of battery known as a double-layer capacitor stores energy based on a 
microscopic charge separation that takes place at an electrical-chemical interface between an 
electrode and electrolyte. The capacitor is charged by a primary energy source and then discharged 
when connected to a device to be powered, generally referred to as a load. The charging and 
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discharging process is repeatable; that is, after discharging takes place through the load the capacitor 
may be recharged by connecting its electrodes to the primary energy source. Double-layer capacitors 
have been used to power bulk electronic devices including radios, motors, and the like. 

On a vastly smaller scale and more particularly in the field of large scale integration, solid- 
state capacitors are used to store charge. Unlike double-layer capacitors and other types of 
electrochemical batteries, solid-state capacitors store energy in the form of an electrostatic field 
between a pair of conductive layers separated by a dielectric material. In these devices, capacitance is 
directly proportional to the surface areas of the conductive layers and is inversely proportional to the 
separation distance between these layers. Capacitance also depends on the dielectric constant of the 
material separating the layers. 

Because solid-state capacitors are only formed from two conductive layers, they are limited in 
terms of the amount of voltage they can store. Attempts have been made to increase the storage 
capacity of solid-state capacitors by increasing the surface area of the conductive layers. This 
approach, however, has proven to be undesirable because the increased surface area consumes an 
excessive amount of die space. A need therefore exists for an improved energy storage device for use 
in integrated circuits. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a diagram showing a cross-sectional view of an ultracapacitor according to one 
embodiment of the present invention. 

Fig. 2 is a diagram showing an example of a charge-distribution that may be supported by the 
ultracapacitor of Fig. 1. 



Fig. 3 is an equivalent circuit diagram of the ultracapacitor of Fig. 1. 

Fig. 4 is a diagram showing blocks included in a method for forming an ultracapactor in 
accordance with one embodiment of the present invention. 

Figs. 5(a) - 5(k) are diagram showing results obtained when respective blocks of the process 
shown in Fig. 4 are performed. 

Fig. 6 is a diagram showing a semiconductor die having an ultracapacitor formed thereon in 
accordance with one embodiment of the present invention, Fig. 6(b) shows an equivalent circuit 
diagram for this ultracapacitor, and Fig. 6(c) shows a cross-sectional view of the ultracapacitor. 

Fig. 7(a) is a diagram showing a silicon die having two ultracapacitors which are formed to 
be identical or different in accordance with any one or more embodiments described herein, and Fig. 
7(b) shows an equivalent circuit diagram of at least one of the ultracapacitors. 

Fig. 8(a) is a diagram showing in cross-section the first ultracapacitor in Fig. 7(a), and Fig. 
8(b) shows the second ultracapacitor in this figure. 

Fig. 9(a) is a diagram showing a semiconductor die including an ultracapacitor in accordance 
with another embodiment of the present invention, and Fig. 9(b) shows an equivalent circuit diagram 
for this ultracapacitor. 

Fig. 10 is a diagram showing an example in cross-section of how the ultracapacitor in Fig. 
9(a) may be formed. 

Fig. 1 1 is a diagram showing a side view of the ultracapacitor of Fig. 10. 

Fig. 1 2 shows in cross-section a stacked ultracapacitor in accordance with one embodiment of 
the present invention. 
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Fig. 13 is a diagram showing a processing system which may include one or more 
embodiments of the ultracapacitor of the present invention. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

Fig. 1 shows an ultracapacitor according to one embodiment of the present invention. The 
ultracapacitor includes a plurality of conductive layers 1 with intervening dielectric layers 2 formed 
on a semiconductor substrate 3. The substrate may be formed from or include p-type or n-type 
material or may be formed as a silicon-on-insulator (SOI) substrate. Preferably, the substrate is 
formed from a silicon die which supports the ultracapacitor in an integrated circuit chip package 
either alone, with other ultracapacitors, or with other circuits including, for example, those that are to 
be powered by or otherwise operate based on a voltage stored in the ultracapacitor. While silicon is 
preferable, the substrate may be used by other semiconductor materials including but not limited to 
gallium arsenide and germanium. 

The dielectric layers are respectively formed between the conductive layers and are preferably 
made from a material having a high dielectric constant k. Non-limiting examples include a hafnium 
oxide such as hafnium dioxide (Hf0 2 ) having a k = 15, zirconium dioxide (Zr0 2 ) having a k = 22, 
and Barium titanate powder (BaTi0 3 ) having a k = 230. Materials with other k values may be used 
depending, for example, on the capacitance requirements of a specific application. The thicknesses of 
the dielectric layers are controlled during fabircation to achieve a predetermined voltage-storage 
capacity at respective portions of the ultracapacitor. 

The conductive layers may be made of any conductive material including but not limited to 
metal or polysilicon. The number of conductive layers may be varied to satisfy the requirements of a 
particular application. For illustrative purposes twelve layers are shown in Fig. 1, however the 
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ultracapacitor may be formed from a larger or smaller number of layers with three layers being a 
minimum. When situated in this manner, at least one of the layers will have upper and lower surfaces 
which are used to store charge with adjacent layers. In the embodiment shown, the odd-numbered 
conductive layers are interconnected by a stud line 4, which is connected to a first terminal of the 
ultracapacitor. The even-numbered conductive layers are interconnected by a stud line 5, which is 
connected to a second terminal of the ultracapacitor. 

For all practical purposes, each metal layer in the ultracapacitor will have a minimum and 
maximum allowable width. In some applications, it may be preferable to use the minimum width in 
order to allow a larger number of layers to be interleaved and thus to increase the cross-capacitance 
per layer. In other applications, larger widths may be used, i.e, depending on the process technology 
and metals used the widths of all or a portion of layers 1 may be larger than a minimum allowable 
width in order to achieve, for example, a specific cross-capacitance, parastic resistance, or other level 
of performance. 

In Fig. 1 , the widths of the conductive layers are shown to be equal and the same is true of the 
spacings between the layers. In alternative embodiments, the widths and/or spacings may vary. For 
example, in Fig. 8(a), an ultracapacitor having conductive layers of differing widths but equal 
spacings is shown. This difference in width affects parasitic resistance that appears in series with 
capacitance. While the widths of the conductive layers in Fig. 8(a) uniformly decrease from top to 
bottom, other variations include uniformly increasing conductive-layer widths or ones which do not 
uniformly vary at all to achieve a predetermined charge-storage distribution throughout the 
ultracapacitor structure. The spacings between the layers may also be uniformly or non-uniformly 
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varied to achieve a specific level of performance. In general, the smaller the spacing the larger the 
capacitance and hence the greater the charge storage capacity of the ultracapacitor. 

In the foregoing illustrative embodiment, the ultracapacitor is shown as having twelve 
interleaved metal layers. Six layers are connected to a first terminal (terminal connection 1) and the 
other six are connected to a second (terminal connection 2). The six layers connected to the first 
terminal will therefore assume the voltage applied to the first terminal, and the six layers connected 
to the second terminal will assume the voltage applied to the second terminal. The ultracapacitor 
therefore may be regarded as a parallel connection of a plurality of capacitors. 

Structured in this manner, the ultracapacitor collectively stores a charge equal to the potential 
difference between the first and second terminals. For example, if Vi is applied to the first terminal 
and V2 is applied to the second terminal, the ultracapacitor will store a voltage equal to V2 - Vj 
between the terminals. The capacitance for storing charge corresponding to this voltage difference 
depends on the number of metal layers connected between the terminals, i.e., the more metal layers 
(and thus capacitors) between the terminals the greater the capacitance available for storing V2 - Vi. 

Fig. 2 shows the charge storage distribution for the ultracapacitor of Fig. 1 . In this figure, 
both upper and lower surfaces of intermediate metal layers ML2 - ML1 1 store charge for separate 
capacitors, e.g., ML1 and the upper surface of ML2 form a first capacitor, the lower surface of ML2 
and the upper surface of ML3 form a second capacitor, and so on. A total of eleven capacitors is 
therefore formed from the twelve metal layers. 

The amount of charge stored between each overlapping pair of metal layers depends on 
factors including the spacing between the layers, widths of the layers, and the k value of the 
intervening dielectric. Metal layers having larger widths are expected to store more charge than 
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layers with smaller widths, and vice versa. These widths or any of the aforementioned factors may be 
set to achieve a specific charge distribution for a given application. For example, if the widths or 
spacings between the layers are not the same, each adjacent pair of metal layers may store a different 
proportion of charge. Thus, both uniform and non-uniform charge distributions are possible. For 
illustrative purposes, the total charge Q to tai stored in the capacitor is shown as a sum of the charges Qi 
through Qn. 

Fig. 3 shows an equivalent circuit diagram for the ultracapacitor of Fig. 1. As previously 
indicated, this circuit includes capacitors C\ - Cu formed from overlapping pairs of adjacent metal 
layers 1 connected between two terminals. The voltages applied to the terminals are respectively 
shown as Vj and V 2 . In this parallel arrangement, the voltage across each capacitor is the same (AV = 
V 2 - Vi ) and the charges stored in each of capacitors Ci - Cu are represented as Qi - Qu 
respectively. Since Q = CV, the total capacitance of the ultracapacitor may be represented as a sum 
of the capacitances: 

Qotal = (Qi + Q 2 + Qs + . . . + Qu)/ AV 

= Q]/AV + Q 2 /AV + Q 3 /AV + . . . Q n /AV 

= Ci +C2 + C3 + . . . + Cn 

From the above equations, it is evident that the overlapping pairs of adjacent metal layers 
included in the embodiments described herein have the effect of increasing the overall capacitance 
and thus the charge-storage capacity of the ultracapacitor for a given voltage. When implemented in 
silicon or another semiconductor material, the embodiments described herein may be used for a 
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variety of integrated circuit applications, e.g., driving an on-chip load, powering a circuit, storing 
data, etc. 

Fig. 4 shows a method for forming an ultracapacitor in accordance with an embodiment of 
the present invention. This method uses known semiconductor-chip fabrication techniques to achieve 
any of the aforementioned ultracapacitor structures. By way of illustration, Figs. 5(a) - 5(k) show the 
results of individual stages of the method when applied to form an ultracapacitor having conductive 
layers whose widths uniformly vary but which have substantially constant spacings. 

An initial stage involves forming a dielectric layer 1 1 on the surface of a semiconductor layer 
10 to a predetermined thickness. (Block 40, Fig. 5(a)). The dielectric layer may be any of those 
preveiously mentioned or any another type. Preferably, the dielectric material has a high k value, 
however this is not a necessity. Layer 1 0 is framed silicon or another type of semiconductor material 
which, for example, may be included as part of a die of an integrated circiut chip. 

Once formed, the dielectric layer is coated with a masking layer 12 using any one of a variety 
of deposition techniques, e.g., chemical vapor deposition. Portions of the masking layer are then 
etched away using, for example, lithography and reactive ion etching to form holes 13 and 14 at 
locations where vias are to be formed in the ultracapacitor structure. (Block 41, Fig. 5(b)). A 
subsequent etching may then be performed to form the vias 1 5 and 16 in the dielectric layer and to 
remove remaining portions of the masking layer. (Block 42, Fig. 5(c)). 

The vias are then filled with a conductive material to form studs 17 and 18 in the dielectric 
layer. This may be accomplished using known deposition techniques. The studs form portions of 
different terminals which are eventually connected to the conductive layers. (Block 43, Fig. 5(d)). 
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Next, a conductive layer 19 is deposited on the dielectric layer and studs to a predetermined 
thickness. (Block 44, Fig. 5(e)). The conductive layer may be made from a polysilicon or metal. A 
masking layer (not shown) is then applied and portions of the metal layer are etched away leaving a 
gap 20 as shown in Fig. 5(f). The portion of the conductive layer on the left side of the gap forms a 
second stud 2 1 on top of stud 1 7, and portion of the conductive layer on the right side serves as a first 
conductive layer 22 of the ultracapacitor.(Block 45). 

Another dielectric layer 23 is then deposited on the conductive layer to a predetermined 
thickness, thereby filling the gap. (Block 46, Fig. 5(g). The thickness of this dielectric layer may be 
the same as layer 1 1 or may be different depending on the level of performance and/or charge 
distribution requirements of the ultracapacitor. 

A masking layer is then formed over layer 23 and portions of the masking layer are etched 
away exposing areas where vias 25 and 26 are etched into layer 23 by reactive ion etching or another 
technique. (Block 47, Fig. 5(h)). Via 25 is etched at a position which coincides with stud 21 and via 
26 is etched to expose a portion of conductive layer 22. A conductive material is then deposited into 
the vias to form studs 27 and 28, which are in respective contact with underlying stud 21 and 
conductive layer 22. (Block 48, Fig. 5(i)). 

A conductive material is then deposited on top of dielectric layer 23 followed by lithography 
and etching to form the second conductive layer 29 and an aligned stude 30 of the ultracapacitor. In 
the figure, conductive layer 29 is shown to be of the same width as layer 22, however these widths 
may be different depending on the level of performance and/or charge storage distribution 
requirements of the ultracapacitor. A mask is applied and a portion of layer 29 is etched away, 
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leaving a gap 24 which is filled with dielectric material during formation of a third dielectric layer 
31. (Block 49, Fig. 50)). 

Additional dieletric and conductive layers are alternately formed at predetermined thicknesses 
and spacings until all the layers an intervening studs of the ultracapacitor are formed. (Block 50, Fig. 
3(k)). Terminals may then be formed and electrically connected to stud line or the terminals may be 
formed before formation of the first dielectric layer. At the conclusion of this process, preferably half 
the conductive layers are connected to one stud line and the remaining half to another stud line. 

Fig. 6(a) shows a semiconductor die 60 having an ultracapacitor 61 formed thereon in 
accordance with one embodiment of the present invention, and Fig. 6(b) shows an equivalent circuit 
diagram for this ultracapacitor where C uc represents capacitance and terminals 1 and 2 are connected 
to respective stud lines of the capacitor. The die may be made of silicon or another semiconductor 
material. Fig. 6(c) shows a cross- sectional view of ultracapacitor 61 taken along section line A-A\ 
Terminal 1 is formed on top of the ultracapacitor and terminal 2 is shown as residing on a p-type 
substrate. In this embodiment, the ultracapacitor may have an ultra-thin width (e.g., 20 Angstroms or 
less) using a high-k inter-layer dielectric. The second terminal may alternatively be formed on an n- 
type substrate or on a silicon-on-insulator structure. 

Fig. 7(a) shows a silicon die 70 having two ultracapacitors 71 and 72 that may be formed 
according to the one or more of the forgoing embodiments of the present invention, and Fig. 7(b) 
shows an equivalent circuit diagram which may represent at least one of the ultracapacitors. The 
ultracapacitors may be structurally identical or different in respect to their storage capacities and/or 
charge distributions, e.g., ultracapacitor 71 may have a different number of conductive layers than 
ultracapacitor 72, different spacings between the conductive layers, different widths for their 
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conductive layers, or a combination of the foregoing. For illustrative purposes, the capacitor in Fig. 
7(b) is shown to have a capacitance C m . 

Fig. 8(a) shows cross-sectional view of ultracapacitor 71 taken along section line B-B\ In 
this example ultracapacitor 71 has three conductive layers 80-82 connected to terminal 1 through 
stud line 83 and three conductive layers 84-86 connected to terminal 2 through stud line 87. The 
conductive layers are formed to have uniformly changing widths from top to bottom. Specifically, 
layers 80 and 84 have substantially equal widths that are the largest in the capacitive structure. 
Layers 8 1 and 85 have substantially equal widths and are of intermediate size. And, layers 82 and 86 
have substantially equal widths and are the smallest in the capacitive structure. The widths of all the 
dielectric layers are shown to be equal. 

Fig. 8(b) shows a cross-sectional view of ultracapacitor 72 taken along section line C-C\ In 
this example ultracapacitor 72 has the same number of conductive layers as ultracapacitor 71 . Three 
conductive layers 90-92 are connected to terminal 1 through stud line 93 and three conductive layers 
94-96 connected to terminal 2 through stud line line 97. The conductive layers are formed to have a 
uniformly changing widths from top to bottom. Specifically, layers 90 and 94 have substantially 
equal widths and are the largest in the capacitive structure. Layers 91 and 95 have substantially equal 
widths and are of intermediate size. And, layers 92 and 96 have substantially equal widths and are 
the smallest in the capacitive structure. The widths of all the dielectric layers are shown to be equal. 
A comparison of Figs. 8(a) and 8(b) shows that the ultracapacitors have opposing terminal 
configurations. 



Fig. 9(a) shows a semiconductor die 80 in accordance with another embodiment of the 
present invention, and Fig. 9(b) shows an equivalent circuit diagram an ultracapacitor arrangement 
formed thereon. This arrangement includes two ultracapacitor connected in series and having 
capacitances C uc i and C UC 2 respectively. The ultracapacitors C uc i and C UC 2 may be the same or 
different depending on the application. The input terminal is shown as terminal 1 , the output terminal 
is shown as terminal 2, and an intermediate terminal connecting the ultracapacitors is shown as 
terminal x. 

Because of the series connection, the total voltage V to tai of the ultracapacitor arrangement 
equals a sum of the voltages stored in each ultracapacitor, V to tai = Vi + V 2 , and the total charge is 
equal to the charge on the total capacitance. Given Q = CV, the total capacitance of the ultracapacitor 
arrangement may therefore be expressed as: l/C to tai = 1/C uc i + 1/C UC 2. 

Fig. 10 shows an example of how terminal x may be connected to ultracapacitor sections in 
the foregoing embodiment, taken along section line D-D'. In this example, conductive layers 101 - 
106 form first ultracapacitor C uc i formed on substrate 3 and conductive layers 107-1 12 form second 
ultracapacitor C UC 2. Input terminal 1 is connected to stud 1 1 5, output terminal 2 is connected to stud 
line 120 at a location which coincides with layer 1 12, and intermediate terminal x connects stud line 
117 in the first ultracapacitor to stud line 118 of the second ultracapacitor. Terminal x therefore 
establishes the series connection between the ultracapacitors. 

Fig. 1 1 shows an example of how the aforementioned embodiment may be implemented. In 
this example, terminals 1 and 2 may be made of a porous carbon material or doped silicon and more 
specifically may be a conductive carbon or silicon nanotube. Intermediate terminal x may be made of 
potassium hydroxide. The underlying substrate may be made from a p-type or n-type material or may 
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have a silicon-on-insulator structure. In this figure, the dots represent a conducting material that 
forms a capacitive connection between terminals 1 and 2. The jagged edges increase the surface area 
of the capacitance between terminals 1 and 2 and terminal x. Terminal x is preferably made from a 
different material in order to establishing a capacitive connection between terminals 1 and 2 instead 
of a resistive connection and to prevent the possibility of an electrical short. Also, terminal x is not 
tapped out externally in this embodiment. 

Fig. 12 shows in cross-section stacked substrates each of which includes an ultracapacitor in 
accordance one or more of the embodiments of the present invention. Stacking the ultracapacitors is 
advantageous because it increases the capacitance per unit area. In this embodiment, a plurality of 
substrates 1 30 1 to 1 3 0 N are stacked one on top of the other. Common input and output terminals 141 
and 142 are then used to connect the capacitors. By stacking the capacitors in this manner, a very 
large charge can be stored for serving a variety of purposes including but not limited to the formation 
of rechargeable batteries, e.g., where terminal 1 is set to 5V or another voltage and terminal 2 to 0V. 
Any of the embodiments of the ultracapacitor described herein may be implemented to perform this 
rechargeable battery application. 

One advantage of using the ultracapacitor embodiments for this application is reduced 
charging times, e.g., charging time will be very small and the ultracapacitor may be recharged to full 
capacity a larger number of times compared with other rechargeable battery structures which have 
been proposed. One non-limiting application of using the ultracapacitor embodiments of the present 
invention is as a rechargeable power source for a portable computing device such as laptop and 
notebook computers, personal digital assistants, and telecommunication devices including but not 
limited to mobile phones which may or may not be web-enabled. In these embodiments, it may be 
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preferable to store a charge in the range of IV - 5 V in the ultracapacitor, however greater or lesser 
voltages outside this range may also be stored. 

Fig. 13 is a diagram showing a processing system which includes a processor 302, a power 
supply 304, and a memory 306 which, for example, may be a random-access memory. The processor 
includes an arithmetic logic unit 302 and an internal cache 303. The system also preferably includes 
a graphical interface 308, a chipset 310, a cache 312, and a network interface 314. The processor 
may be a microprocessor or any other type of processor. If the processor is a microprocessor, it may 
be included on a chip die with all or any combination of the remaining features, or one or more of the 
remaining features may be electrically coupled to the microprocessor die through known connections 
and interfaces. The power supply may correspond to any one of the embodiments of the present 
invention described herein. An ultracapacitor included in these embodiments may also be included 
on the same chip with or may be integrated into any feature in Fig. 13, including ones formed by or 
supported in silicon or which is isolated by an insulating material, e.g., silicon dioxide. 

Other modifications and variations to the embodiments of the invention will be apparent to 
those skilled in the art from the foregoing disclosure. Thus, while only certain embodiments have 
been specifically described herein, it will be apparent that numerous modifications may be made 
thereto without departing from the spirit and scope of the invention. 
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